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Experimental Evidence of Critical Behavior in Cluster Fragmentation Using
an Event-by-Event Data Analysis
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Using a recently developed multicoincidence technique, the hydrogen cluster fragmentation resulting
from a collision between a high energyH 1

25 ion with a C60 target is investigated on an event-by-
event basis. For a sample of 6000 collisions, statistical methods (conditional moments, scaled factorial
moments) are applied to these data sets. The results obtained provide strong experimental evidence fo
the presence of a critical behavior in these finite systems. [S0031-9007(98)07568-1]
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Because of the general relevance in science, inter
in the observation and characterization of critical beha
ior in finite systems, in particular, in nuclei and in clus
ters, has increased rapidly in the past years. Althou
small clusters do not exhibit exactly the first-order phas
transition known in infinite matter, Kunz and Berry [1]
have demonstrated that clusters may show a dynam
“solid-liquid” phase equilibrium which becomes a first
order phase transition for large cluster sizes. Furthermo
by using molecular dynamics simulations to study clu
ter fragmentation, the question on the existence and
nature of a finite-system analog of a second-order pha
transition [2–5] (i.e., the correlation length becoming in
finitely large at the critical point of a phase transition in
normal macroscopic systems) has been addressed. M
over, as such critical behavior is expected [6] to manife
itself similar to the nuclear case in the characteristics
the fragment mass distribution resulting from hot frag
menting clusters, several experimental studies have be
performed on the fragmentation of clusters induced b
collisions under different experimental conditions [7–10
In all of these, a power law falloff as a function of frag
ment cluster sizep, i.e., p2t, has been observed with a
critical exponent in close proximity to the critical expo
nent 2.6 found in nuclear fragmentation experiments [11
13] and with predictionsø2.23d from Fisher’s droplet
model [14]. Although these observations have been tak
as a strong hint for the occurrence of critical behavio
reminiscent of a second-order phase transition in an in
nite system, the mass yield shape alone cannot be con
ered as conclusive proof [4]. There exist several furth
predictions concerning the outcome of collisions clos
to the critical point (for instance, the critical exponents
the intermittency signal, etc.), but these predictions c
be verified only with data sets, where complete analys
of the fragments is available on an event-by-event bas
These extended analysis methods have been proved to
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valuable tools in several theoretical cluster fragmentati
studies [2,6,15], where the data have been generated
simulations. They have been already applied successfu
to the analysis of nuclear collisions [16–19]. Howeve
to date no experimental data from cluster collision expe
ments were available.

Using in the present study a recently developed mul
coincidence technique for the measurement of the fra
ment size distribution induced by the collision of hig
energyH 1

25 ions with thermalC60 targets on an event-
by-event basis, we have been able to obtain a first set
approximately 6000 completely analyzed collision even
This allows us to apply for the first time the method o
conditional moments and of scaled factorial moments
measured cluster fragment distributions. We find amp
experimental evidence for the presence of a critical b
havior in these molecular systems.

The apparatus used here is shown in Fig. 1. Ma
selected hydrogen cluster ions with an energy
60 keVyamu are prepared in a high energy clust
ion beam facility consisting of a cryogenic cluster je

FIG. 1. A schematic view of the experimental setup.
© 1998 The American Physical Society
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expansion source combined with a high performan
electron ionizer and a two-step ion accelerator. Aft
momentum analysis by a magnetic sector field, the ma
selected high energy projectile beam consisting in t
present study ofH 1

25 cluster ions is crossed perpendicu
larly by a C60 effusive target beam (see Fig. 1) produce
by evaporation of pureC60 powder in a single-chamber
molybdenum oven at about675 ±C. One meter behind
this collision region the high energy hydrogen collisio
products (neutral and ionized) are passing a magne
sector field analyzer approximately0.3 ms after the
collision event. The undissociated primaryH 1

25 cluster
projectile ions or the neutral and charged fragmen
resulting from reactive collisions are then detected wi
a multidetector device consisting of an array of surfac
barrier detectors located at different positions at the e
of the magnetic analyzer (see Fig. 1). This allows u
to record simultaneously neutral and charged fragme
detected in coincidence for each single collision eve
(for more experimental details, see Refs. [10] and [20
irrespective of the nature of the collisional interaction
i.e., small or large impact parameters leading to rath
“gentle” or “violent” collisions.

The data sets thus obtainedsø6000 eventsd are then
analyzed by first determining for each event the numb
of fragmentsnspd of size p and by constructing the
conditional moments of the fragment size distribution a
introduced by Campi [5],

Mi ­
X
p

pinspd , (1)

where i is the order of the moment. The summation
over all the fragments in the event except the heavie
one. One important test to gain a first insight into th
shape of the fragment size distribution and to indicate t
extent of critical behavior is to then generate the relati
varianceg2 defined as

g2 ­
M2M0

M2
1

(2)

and to plot this quantity versus the temperature
the fragmenting system (the amount of energy in th
fragmenting system). Since this quantity is not direct
available, we are plotting hereg2 versus the number
of ions produced “NI” (see Fig. 2), as this number i
indicative of the average energy in the excited cluster i
before fragmentation.

Figure 2 shows the presentg2 data which resemble the
earlier results reported by Campi [5] who considered t
properties of a three-dimensional bond percolation syst
(cubic lattice with 125 sites). In fact, Campi [21] was th
first to suggest that the methods developed in percolat
theory may be of relevance to the analysis of multifra
mentation data. In particular, it was shown that quantiti
that display, close to the critical point, divergent behavi
in the macroscopic system (i.e., a phase transition of s
ond order involving an infinitely large correlation length
are at least exhibiting a resonancelike behavior in fin
ce
er
ss

he
-
d

n
tic

ts
th
e-
xit
s

nts
nt
])
,
er

er

s

is
st
e
he
ve

of
e

ly

s
on

he
em
e
ion
g-
es
or
ec-
)
ite

FIG. 2. The relative varianceg2 versus the number of ions
produced, NI, for the fragmentation ofH 1

25 hydrogen cluster
induced by a collision with aC60 cluster at high velocity
søcy88d.

size systems (with the corresponding correlation len
being of the size of the system itself).

In accordance with these considerationsg2 has been
demonstrated not only for percolation systems but a
for simulated fragmentations of nuclei [18] and cluste
[2] to have a peak around the critical point implying th
the fluctuations are largest for critical conditions. T
present experimental data are in good agreement w
these predictions and results, and the occurrence of a p
in Fig. 2 at around NI­ 7 confirms that at around this N
value the corresponding decaying hydrogen cluster i
are within the critical zone. At this point we can alread
conclude therefore that hot cluster ions are fragment
similar to finite size systems which show a second-or
phase transition for infinite size.

Because we are dealing in the present case with fi
systems, additional methods are necessary to disting
between dynamical fluctuations and statistical fluctuatio
Thus in a next step we apply to our data sets one of
most convincing methods developed to analyze and c
gorize fluctuations and correlations, i.e., the analysis
event-by-event data in terms of intermittency. We no
briefly outline the procedure. Intermittency is a statis
cal concept and it corresponds to the existence of n
statistical fluctuations which have self-similarity over
broad range of scales. The relevant information can
deduced from the horizontally scaled factorial mome
(HSFM) which measure the properties of dynamical fluc
ations without the bias of statistical fluctuations (deviatio
of the fluctuations from a Poissonian distribution) [17,2
given by
4109
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sHSFMdi ­ Mi21
MX

k­1

nksnk 2 1d · · · snk 2 i 1 1d
NsN 2 1d · · · sN 2 i 1 1d

,

(3)

where

M ­

Ω
Xmax

ds

æ
1 1 . (4)

Xmax is an upper value of a characteristic quantity of th
system (e.g., total mass, maximum transverse energy, m
mentum, velocity, etc), andi is the order of the moment.
The total interval0 Xmax (1 pmax in case of size distribu-
tions) is divided intoM ­ fsXmaxydsd 1 1g bins of size
ds, wherebynk is the number of particles in thekth bin of
an event. In Eq. (3),N is the total number of fragments
in the event.

If self-similar fluctuations exist at all scalesds, the
scaled factorial moments follow the power law

sHSFMdi ~ ds2li , (5)

where li are called intermittency exponents. Thus, th
intermittent behavior (intermittency signal) is defined as
linear rise in a plot of lnsHSFMdi versus2lnsdsd.

In Fig. 3 we plot the scaled factorials moment
lnsHSFMd versus2lnsdsd for the values of the resolution
ds from 1 to 24. For events from outside of the critica
region sNI . 11d, the logarithms of thesHSFMdi are
independent ofds and thereforeli ­ 0. This corre-
sponds to a situation with no intermittency signal and th
fluctuations present are only statistical.

Conversely, the situation is clearly different for event
belonging to the critical region determined by the reso
nance in Fig. 2, i.e.,2 # NI # 11. In this case, the loga-
rithms of the sHSFMdi are increasing for each orderi
linearly versus2lnsdsd thus indicating the presence of an
intermittency signal. Before discussing the results give
in Fig. 3(b) in more detail, we would like to make the fol-
lowing comments. It turns out that the lnsHSFMdi values
for ds ­ 1 and 2 deviate from the linear behavior in the
log-log pot [values fords ­ 1, larger than 0.2, are not plot-
ted in Fig. 3(b)]. Such a deviation has also been observ
in similar plots obtained for experimental and simulate
data on fragmentation of gold nuclei [16,17]. Accordin
to DeAngeliset al. [17] this deviation is presumably due
to the fact that smallds correspond to the limit of the reso-
lution, and, therefore, these data points are not included
the derivation ofli. Besides the results on nuclei fragmen
tation, such a linear dependence of the lnsHSFMdi versus
2lnsdsd has been obtained by Kondratyev and Lutz [2] i
a theoretical study about fragmentation of argon cluste
of a size of 100. It is interesting to note that based on e
perimental data a similar behavior is observed here with
cluster size of only 25. This demonstrates the usefulne
of this approach even for rather small systems.

Moreover, for simulating nuclear fragmentation
Belkacemet al. [18] reported plots of lnsHSFMdi versus
2lnsdsd for different times after the primary excitation
event. The values of thesHSFMdi are shown to decrease
4110
e
o-

e
a

s

l

e

s
-

n

ed
d
g

in
-

n
rs
x-
a
ss

,

FIG. 3. Log-log plot of the horizontally scaled factoria
momentssHSFMdi versus the resolutionds (see text). The
sHSFMdi are calculated for (a) events from outside of th
critical region NI. 11, and for (b) events belonging to
the critical region as determined by the resonance in Fig
i.e., 2 # NI # 11.

with the increase of time between the collision and t
detection of the fragments, but the intermittency expone
are shown to remain about constant after some time (
Fig. 16 in Ref. [18]). It is noteworthy that the presen
results [Fig. 3(b)] are very similar to those obtained b
Belkacemet al. [18] at late times, i.e., concerning th
ordering and the slope as a function ofi.

Finally, an important quantity related to the intermi
tency exponentli is the anomalous fractal dimensio
[4,17,18] defined as

di ­
li

i 2 1
. (6)
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FIG. 4. The anomalous fractal dimensionsdi versus the order
of the momenti deduced from two different experimenta
data sets. Open squares correspond to the hydrogen clu
fragmentation (this work). Open circles correspond to go
nuclei fragmentation (Ref. [16]).

As shown by Belkacemet al. [18], this quantity is in-
sensitive to secondary reactions (evaporation from excit
fragments) as discussed above, where we have shown
the li are constant for longer times. Nevertheless, fo
different fragmentation mechanisms (monofractal or mu
tifractal) the anomalous fractal dimension can exhib
different behaviors withi, i.e., di independent ofi cor-
responding to a monofractal, second-order transition in t
Ising model, anddi proportional toi corresponding to mul-
tifractal, cascading processes [4]. Hence, analysis of t
intermittency exponents in terms ofdi will yield interest-
ing information on the decay mechanism of the excite
system. In Fig. 4, the anomalous fractal dimensions a
plotted versusi for the present cluster data. For compar
son we include data obtained for gold nuclei fragmentatio
from Ref. [16]. In both cases no unambiguous classific
tion according to the above mentioned dependencies ofdi

on i can be deduced. The present anomalous fractal
mension is observed to increase and then to saturate w
increasingi. A similar behavior is also observed for gold
nuclei fragmentation, but the saturation effect is more pr
nounced in the cluster case. This effect has been related
the nuclei fragmentation case, to finite size effects [17,18

In conclusion, this first analysis of cluster fragmentatio
based on fully determined event-by-event data sets sho
that the power law observed in the fragment size dist
bution of the finite system studied here is connected to
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critical behavior reminiscent to a second-order phase tra
sition in an infinite system. Both the Campi conditiona
moments analysis and the scaled factorial moments ana
sis lead to this conclusion. In addition, close similarit
in the fragmentation behavior of clusters and nuclei is n
only observed in the inclusive fragment size distribution
but also in the event-by-event analysis. Moreover, th
application of these characterizations of the fragment si
distribution—as demonstrated here for the cluster case
appears to be successful for quite different microscop
systems (at different scales) and thus also applicable to
fragmentation of macroscopic objects (see the observat
of a power law behavior in the fragmentation of platelik
objects [23]). Finally, the success of the statistical ap
proach for the experimental characterization of a critic
behavior in a finite system should be a stimulus to im
prove the understanding of the dynamics of complex sy
tems, when the correlation length between the constitue
is of the size of the system itself.
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